Background: Red-winged Blackbirds (Agelaius phoeniceus), hereafter red-wings, are much less frequently parasitized by Brown-headed Cowbirds (Molothrus ater) in eastern North America than in central North America and had not been recorded as hosts in our study area in southeastern Pennsylvania. Although hosts of Old World cuckoos (Cuculidae) often show geographic variation in egg rejection behavior, cowbird hosts typically exhibit uniform responses of all acceptance or all rejection of cowbird eggs. Thus, geographic variation in cowbird parasitism frequencies might reflect a different behavioral response to parasitism by hosts where only some populations reject parasitism. In this study, we tested whether egg rejection behavior may explain the lack of parasitism observed in our eastern red-wing population, which may provide insight into low parasitism levels across eastern North America.
Background The fitness costs of obligate brood parasitism put a strong selection pressure on host species to evolve defenses against parasitism (Rothstein 1990) . Frontline defenses, such as cryptic nest placement and aggressive nest defense, may prevent nests from being parasitized (Feeney 2017) , whereas egg rejection behavior is the most effective defense to mitigate the costs of parasitism after it has occurred (Rothstein 1975; Ruiz-Raya and Soler 2017) . Egg rejection may involve grasp or puncture ejection of the parasite's egg by the host (Soler et al. 2002; Underwood and Sealy 2006a) , burial of a parasite's egg under a new nest (Sealy 1995; Moskát and Honza 2002) , or nest desertion (Moksnes et al. 1991; Hosoi and Rothstein 2000) . Hosts of Old World cuckoos (Cuculidae) often show behavioral plasticity in their egg rejection behavior (Ruiz-Raya and Soler 2017) . For example, the egg rejection response of cuckoo hosts can vary with the risk of parasitism over time (Soler et al. 1998; Thorogood and Davies 2013) and over large geographic areas (Liang et al. 2016) . By contrast, most Brown-headed Cowbird (Molothrus ater), hereafter cowbird, hosts are either all accepters or all rejecters of cowbird eggs (Peer and Sealy 2004) . Rarely, however, hosts show geographic variation in their response to cowbird parasitism. For example, eastern Warbling Vireos (Vireo gilvus gilvus) with slightly larger bills generally eject cowbird eggs, whereas western Warbling Vireos (Vireo gilvus swainsoni) generally accept cowbird eggs (Sealy 1996; Sealy et al. 2000; Underwood and Sealy 2006a) . Frequencies of observed cowbird parasitism on Warbling Vireos in different geographic areas reflect this different rejection response (Gardali and Ballard 2000; Ortega and Ortega 2003) .
Cowbird parasitism on Red-winged Blackbirds (Agelaius phoeniceus), hereafter red-wings, shows considerable variation by year, location, and habitat (Yasukawa and Searcy 2019). However, observed parasitism frequencies also appear to vary on a large geographic scale across North America (Friedmann et al. 1977) that suggests there also may be geographic variation in the response of red-wings to cowbird eggs. Assumed historical patterns of sympatry with cowbirds on the Great Plains (Mayfield 1965) would predict a higher egg rejection frequency by red-wings in central North America, but recent studies suggest that cowbirds were more widespread in North America prior to European settlement (Rothstein and Peer 2005; Peer et al. 2013 ). Furthermore, a review of the published literature showed cowbird parasitism highest in central populations and uniformly very low to absent in eastern populations (Table 1, Appendix). In southern Quebec for example, Terrill (1961) noted the near lack of cowbird parasitism on red-wings here was similar to the rarity of parasitism on two known rejecters of cowbird eggs. Although red-wings have been found to generally respond to experimental cowbird eggs by accepting them (Rothstein 1975; Ortega and Cruz 1988; Ward et al. 1996; Capper et al. 2012) , these tests were mostly conducted in central and western North America. There has been little detailed behavioral study of their responses to cowbird parasitism in eastern North American populations and responses have not been examined across all nest stages. Even though red-wings are considered accepters, they have occasionally been observed to eject cowbird eggs, bury cowbird eggs, or desert parasitized nests (Rothstein 1975; Weatherhead 1989; Yasukawa and Werner 2007; Capper et al. 2012 ). Thus, the first step in understanding the low levels of parasitism in eastern North America is to determine if any of these populations are rejecters of cowbird eggs.
In this study, we experimentally parasitized red-wing nests in our study area of Berks County, Pennsylvania to determine if they reject cowbird eggs as a first step in understanding the lack of parasitism on red-wings here (Appendix). Red-wing nests were experimentally parasitized at different stages (nest building through incubation) because some host species are known to respond differently to cowbird parasitism by nest stage (e.g., Sealy 1995) and to get a complete assessment of their response to parasitism. The nest building stage has rarely been tested in other cowbird hosts in part because this may not represent a true response to parasitism (Rothstein 1975) . However, eggs added prior to laying are often rejected by hosts that otherwise accept most cowbird eggs (e.g., Peer and Bollinger 1997) , so parasitism at this stage may help identify whether eastern red-wings possess the physical traits and behaviors needed to reject cowbird eggs. We hypothesized that the lack of parasitism on red-wings in this eastern population reflects a higher level of cowbird egg rejection than other researchers have documented in central and western red-wing populations. In addition, we report cowbird parasitism frequencies on other potential hosts in our Berks County, PA study area through active nest searching and a review of the literature to document the cowbird host community here, which may provide evidence to identify possible alternate hypotheses for the lack of cowbird parasitism.
Methods
Our field sites were the Peter's Creek area at Lake Ontelaunee, Berks County, Pennsylvania (40°27′39.9″ N, 75°53′55.4″ W), and natural areas on Kutztown University campus, in Kutztown, Berks County, Pennsylvania (40°30′40.6″ N, 75°47′32.5″ W). We searched wetland and riparian habitats to find red-wing and other songbird nests from May to July 2018. Data were collected in two phases, an experimental phase and a surveying phase. During the experimental phase, we parasitized redwing nests with model cowbird eggs ( Fig. 1 ) during three stages of nest development (nest building, egg laying, and incubation) and used a control group where no manipulations occurred. We used the control group to account for any rejection responses, especially nest desertion, that may be the result of general disturbance from human visitation of nests (e.g., Rothstein 1975; Yasukawa and Werner 2007) or recognition errors in the absence of parasitism (e.g., Sealy 1995; Moskát and Hauber 2007) . Nests were randomly assigned to one of these four treatments within sets of four nests. To maintain approximately equal sample sizes across treatments, we added treatments back into the available pool when nests failed. Each nest was used only once for an experimental treatment.
We added a single model cowbird egg to each nest at the assigned treatment stage and monitored the nest for five consecutive days. Building treatments received a model egg at the first evidence of nest lining being added.
Laying treatments received a model egg on the day the first or second red-wing egg was laid. Incubation treatments received a model egg after the nest had reached full clutch size, or more specifically, after 2 days of no additional egg laying. Control treatments did not receive a model egg but were monitored for five consecutive days after the first egg was laid or the nest was found. We classified egg rejection responses as egg burial when eggs were covered over by nest material, egg ejection when a model egg (or host egg in a control nest) was missing and there was no sign of predation, or as nest desertion when the model egg and host eggs were present (or just host eggs in a control nest) but the eggs were cold and the nest was not tended by parents for at least two consecutive days. Nests that were lost due to weather or predation events were recorded as such and left out of the final analysis. After 5 days, if the nest was still active, we assumed the model egg was accepted and removed it.
Model cowbird eggs were created using prefabricated wooden model eggs. Model eggs were very close in size to real cowbird eggs. Real eggs measure 21.5 mm × 16.4 mm (range = 18.03 mm × 15.49 mm-25.40 mm× 16.76 mm) (Lowther 1993) , and model eggs averaged 22.4 ± 0.23 mm × 16.2 ± 0.22 mm (n = 42). We drilled out the cores of these wooden models and filled them with steel spheres (~ 4.5 mm diameter and ~ 0.3 g mass) to add mass until they were as close as possible to the average cowbird egg mass. Real eggs weighed 3.1 g (Lowther 1993 ), and the average mass of model cowbird eggs was 3.0 ± 0.1 g. We sealed the hole with wood filler and painted the eggs to match the appearance of cowbird eggs with non-toxic acrylic paint. Eggs were given a base coat of FolkArt 901 Wicker White paint, then speckled using FolkArt 940 Coffee Bean brown paint and a toothbrush. Finally, we applied a coat of Minitaire D6-198-2 Satin Coat water-based clear coat to each egg to ensure paint integrity under wet conditions. These same paints have been used to create model cowbird eggs that elicit rejection responses similar to real cowbird eggs in other species (e.g., Underwood and Sealy 2006b ) and other species respond similarly to wooden model cowbird eggs and real cowbird eggs (e.g., Peer and Bollinger 1997) .
During the surveying phase, we located nests of any songbirds on our study areas. Nests were monitored until they reached a full clutch to determine cowbird parasitism frequencies among local hosts. We also visually compared these parasitism frequencies to those on common hosts in Berks County, Pennsylvania in the late 19th century from egg collection data (Uhrich 1997) . These two sets of data document the cowbird host community in our study areas, which may provide evidence to suggest potential alternate hypotheses for the lack of cowbird parasitism.
To analyze experimental data, we first determined whether red-wing's response to parasitism differed by nest stage using a 4 × 2 Fisher's exact test because observed or expected values were less than 5. Because behavioral responses to experimental parasitism were significantly different by nest stage (Fisher's Exact Test two-tailed, p = 0.001, n = 56), we could not pool data across nest stages. Instead, we compared responses for each stage to the control separately to determine whether red-wings rejected experimental parasitism and adjusted the alpha level using the Bonferroni correction for making multiple comparisons (Critical p-value = 0.017). We used Fischer's exact tests for these multiple comparisons because observed or expected values were less than 5.
Results
Red-wings showed significantly more rejection behavior during the nest building stage than at control nests (Fisher's Exact Test two-tailed, p < 0.001, n = 15 Building, 14 Control). Most of the rejections during the building stage were burials (44% of rejections), but all three methods of rejection were recorded during this stage (Table 2) . Although these rejections may not be a direct response to parasitism, this demonstrates that all rejection behaviors are present in our population, including ejection. Egg ejection likely indicates the physical ability to graspeject these solid cowbird eggs, but we did not confirm this directly. By comparison, rejection responses did not differ significantly between the laying stage and control nests (Fisher's Exact Test two-tailed, p = 0.309, n = 14 Laying, 14 Control) and the incubation stage and control nests (Fisher's Exact Test two-tailed, p = 0.057, n = 13 Incubation, 14 Control). Red-wings accepted 85.2% of experimental cowbird eggs across the laying and incubation nest stages. None of the accepted cowbird eggs had any evidence of peck marks indicating that red-wings attempted puncture ejection.
Parasitism frequencies were relatively low on all species during the 2018 breeding season ( Table 3 ). The frequency of natural parasitism on red-wing nests was 1.6% of 64 total nests (includes experimentally parasitized nests and failed nests not used in experiments) and 0.0% of 14 control nests (with no manipulations). Cowbird eggs were found in the nests of five of 11 species of songbirds and parasitism frequencies on these species was generally ≤ 50% (Table 3) . Egg collection data from the late 19th century in Berks County, Pennsylvania showed similar levels of parasitism on these same species (Table 3 ).
Discussion
Red-wings accepted 85% of all model cowbird eggs during the laying and incubation stages, which classifies this eastern population as "accepters" with < 21% rejection (Peer and Sealy 2004) . These results were consistent with prior studies that found rejection frequencies to be in the "accepter" range in central (Capper et al. 2012 ) and western North America (Ortega and Cruz 1988; Ward et al. 1996) and in multiple regions of North America combined (Rothstein 1975) . By comparison, a much higher rejection frequency (60%) was found during nest building. These rejections mostly involved the burial of cowbird eggs but also included a few ejections and desertions (Table 2) . Rothstein (1975) suggested that burial of cowbird eggs is a continuation of the nest building process rather than an anti-parasite response because host eggs are not buried as well. We found that red-wings only buried model cowbird eggs and not host eggs during the nest building stage. Rejection of eggs or objects prior to egg laying also may be a nest sanitation response (Guigueno and Sealy 2012, but see Peer 2017). Interestingly, 40% of cowbird eggs were accepted during nest building, which suggests some red-wings did not view these eggs as debris and were able to add lining material to the nest without burying them. In addition, desertion of parasitized red-wing nests is higher prior to egg laying and may simply be a general response to disturbance at the nest (Yasukawa and Werner 2007) . Thus, rejections of model cowbird eggs during the nest building stage are not clearly responses to the cowbird egg. Nevertheless, these responses suggest that red-wings in our population possess the behaviors and physical attributes needed for all three methods of egg rejection behavior. Rejection was not expressed during the laying or incubation stages likely due to an evolutionary lag in the appearance of cowbird egg recognition (Rothstein 1975 ) because even red-wing populations in central North America where there is a reasonably high probability of parasitism are accepters (e.g., Capper et al. 2012) . Overall, the hypothesis that lack of cowbird parasitism on our eastern red-wing population may reflect a higher level of cowbird egg rejection than has been previously documented in other red-wing populations was not supported. However, there are several possible alternative explanations for the lack of cowbird parasitism on our eastern population of red-wings.
Asynchrony between breeding seasons of cowbirds and their hosts can alter host use by cowbirds. Low frequencies of parasitism on some accepter species, such as American Goldfinches (Spinus tristis) and Eastern Wood-Pewees (Contopus virens), has been linked to the late nesting period of these hosts after most cowbirds have laid their eggs (Middleton 1977; Underwood et al. 2004 ). However, in Pennsylvania, red-wing eggs have been recorded from 1 May through 25 June, whereas cowbirds egg dates have been recorded from 1 May through 18 June (McWilliams and Brauning 2000) . Thus, the cowbird breeding season completely overlaps the red-wing breeding season here and breeding season asynchrony does not explain the lack of parasitism in our eastern population.
Nest defense is the first line of defense birds can utilize to prevent brood parasitism (Welbergen and Davies 2009) . Red-wings in particular are well known for responding aggressively to nest threats, particularly the presence of cowbirds (e.g., Capper et al. 2012; Yasukawa et al. 2016 ). In some host species, nest defense intensity has been observed to differ geographically between host populations based on their sympatry with brood parasites (Briskie et al. 1992; Røskaft et al. 2002; Gill and Sealy 2004 , but see Kuehn et al. 2016 ). However, red-wings have been found to show either similar levels of aggression toward cowbirds in areas of presumed recent and historic sympatry with cowbirds (Prather et al. 1999) or (1884) (1885) (1886) (1887) (1888) (1889) (1890) (1891) (1892) (1893) (1894) (1895) (1896) (1897) (1898) (1899) (1900) in the Reading Public Museum (Uhrich 1997) b No nests of the Willow Flycatcher or the very similar Alder Flycatcher were previously reported in Berks County, although birds of both species were observed during the breeding season (Uhrich 1997) c Total number of nests and parasitism frequency unknown but 8 nests recorded as parasitized and this species was noted as a common host d Species lacking data from the 2018 breeding season (indicated by dashes) were present in our study areas but at a low density and no nests were located higher levels of aggression toward cowbirds in areas of presumed historic sympatry compared to recent sympatry with cowbirds (Yasukawa et al. 2016 ). Finally, aggressive nest defense by red-wings against cowbirds does not always reduce their parasitism frequency (Strausberger 2001; Yasukawa et al. 2016) , so there is no evidence to suggest that higher levels of nest defense might explain the lack of parasitism in any eastern red-wing population.
Despite the abundant source of host nests provided by the red-wings' breeding colonies, cowbird parasitism was previously not detected in red-wing nests in Berks County and we found a very low level of cowbird parasitism on red-wings in our study areas in 2018 (Appendix), which suggests they may not be preferred hosts here. The most heavily parasitized species in our study area were sparrows (Table 3) . Perhaps these species were preferred here because they are smaller than cowbirds (Friedmann et al. 1977; Freeman et al. 1990; Strausberger and Ashley 1997) and were found in edge habitats (Johnson and Temple 1990) . Alternatively, the density of the cumulative host community can have a strong influence on cowbird parasitism levels on individual species (Barber and Martin 1997) . In our specific study areas, the density of hosts other than red-wings and known ejecters of cowbird eggs, American Robins and Gray Catbirds (Rothstein 1975) , appeared to be relatively low, so perhaps other higher quality habitats with denser host communities in the broader region were preferred by cowbirds. However, a large number of factors have been found to be related to cowbird parasitism frequencies in different study areas (Curson et al. 2010 ) and community levels of parasitism are difficult to predict (Hahn and Hatfield 1995) . Future research should consider multiple variables related to differences in host community composition and host density to explain broader geographic trends in cowbird parasitism of red-wing nests.
Finally, cowbird abundance may be an important factor explaining the lack of parasitism in our red-wing population and possibly the uniformly low parasitism frequencies observed in eastern North America. We rarely encountered more than one female cowbird per day on our study areas (Reel and Underwood personal observations) and documented a relatively low frequency of parasitism across all potential songbird hosts (Table 3) . Because cowbird parasitism frequencies are positively related to cowbird density (Igl and Johnson 2007) , geographic trends in cowbird abundance may help explain the broader trend in cowbird parasitism frequencies as well. Cowbirds are most abundant today in the Great Plains (Peterjohn et al. 2000) , and their abundance is negatively related to the distance from the Great Plains (Thompson et al. 2000) . Furthermore, cowbirds are declining in abundance in the east while increasing in abundance in the Northern Great Plains (Peterjohn et al. 2000) . Community parasitism studies in central North America, where cowbirds are more abundant, have found higher parasitism frequencies for many other hosts relative to eastern parasitism frequencies. For example, Field Sparrows experience 11 to 80% parasitism on central nests compared to 0.2 to 21.2% parasitism on nests in Pennsylvania (Uhrich 1997; Carey et al. 2008) . Overall, the lower abundance of cowbirds in eastern North America should be further explored as an explanation for the low frequencies of parasitism observed on red-wings and other hosts here.
Conclusion
In conclusion, a higher level of cowbird egg rejection behavior in Red-winged Blackbirds was not supported as a cause of the low parasitism frequencies in our eastern North American population. We found that red-wings accepted most model cowbird eggs during the laying and incubation stages, which is similar to prior studies in central and western North America. Acceptance of cowbird parasitism in our population is likely due to an evolutionary lag in the appearance of egg recognition because we found that red-wings have the physical attributes and behaviors needed for egg rejection. Breeding season asynchrony is also not likely responsible for the observed parasitism frequencies because the breeding seasons of cowbirds and red-wings overlap completely in our area. Previous research on nest defense behavior does not suggest that red-wings in the east are more aggressive towards cowbirds. We suggest that the lower observed parasitism frequencies in our eastern population may be due to the relatively low abundance of cowbirds here and cowbirds' preferences for other hosts as they relate to host size and density. Future research should explore multiple factors, such as cowbird and host density and the makeup of the host community, in addition to egg rejection to explain the low levels of observed parasitism on Red-winged Blackbirds across eastern North America because egg rejection behavior alone is unlikely to explain this broad geographic trend. Reported as "less than 0.2% parasitism" with two nests parasitized of "many hundreds" examined. We estimated 1000 nests inspected to calculate this frequency
